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TRANSPORT AND STORAGE OF ENERGY 
C e s a r e  M a r c h e t t i  
November 19 75 
Resea rch  R e p o r t s  a r e  p u b l i c a t i o n s  
r e p o r t i n g  on t h e  work o f  t h e  a u t h o r .  
Any v iews  o r  c o n c l u s i o n s  a r e  t h o s e  
o f  t h e  a u t h o r ,  and  do n o t  n e c e s s a r i l y  
r e f l e c t  t h o s e  o f  IIASA. 

T r a n s ~ o r t  and S t o r a u e  o f  Eneruv* 
Cesa re  M a r c h e t t i  
A b s t r a c t  
An o v e r a l l  view o f  t h e  s i t u a t i o n  i s  g i v e n  of  ene rgy  
t r a n s p o r t a t i o n  and s t o r a g e  t o d a y ,  w i t h  some h i s t o r i c a l  t r e n d s  
and an a t t e m p t  t o  p r o j e c t  them i n t o  t h e  f u t u r e .  
The impor tance  o f  t h e  p r o p e r t i e s  of  t h e  f u e l  o r  ene rgy  
form i n  d e t e r m i n i n g  t h e  p r o p e r t i e s  of t h e  d i s t r i b u t i o n  sys tem 
a r e  ana lyzed .  
S i n c e  what i s  consumed i s  n o t  energy b u t  negen t ropy ,  t h e  
p o s s i b i l i t y  of  t r a n s p o r t i n g  it, d i s s o c i a t e d  from energy  i n  a  
t e c h n i c a l l y  a c c e p t a b l e  sys tem,  is  b r i e f l y  d e s c r i b e d  a s  a  means 
f o r  overcoming t h e  problem of  the rmal  p o l l u t i o n  a t  t h e  usage  
p o i n t .  
I n t r o d u c t i o n  
The s u b j e c t  of  t r a n s p o r t  and s t o r a g e  of  ene rgy  i s  a  v e r y  
broad one ,  and o n l y  a  b r i e f  o u t l i n e  can  be  g i v e n  w i t h i n  t h e  con- 
f i n e s  of t h i s  paper .  I w i l l  t r y  t o  d o  t h a t  by l o o k i n g  a t  t h e  
problem w i t h  a  p h y s i c i s t ' s  eye.  
T r a n s p o r t a t i o n  and s t o r a g e  can  be v i s u a l i z e d  a s  d e v i c e s  f o r  
add ing  s p a c i a l  and t empora l  f l e x i b i l i t y  t o  t h e  u s e  o f  energy-- 
impedance matching,  s o  t o  speak.  
B a c t e r i a  f e e d i n g  on decay ing  l e a v e s ,  e . g . ,  c a n n o t  t r a n s p o r t  
o r  s t o r e  t h e  energy t h e y  a r e  f e e d i n g  on ,  s o  t h e i r  l i f e  c y c l e  i s  
q u i t e  r i g o r o u s l y  bounded, i n  t ime  and s p a c e ,  by t h e  c o n d i t i o n  
of  amount and d i s t r i b u t i o n  o f  t h e i r  food.  
S u p e r i o r  a n i m a l s  and p l a n t s  have a l r e a d y  made a  g r e a t  l e a p  
forward  by d e v e l o p i n g  s t o r a g e  means, i n  form of  s t a r c h ,  f a t s  and 
waxes 'which  happen t o  be  q u i t e  e f f i c i e n t  s t o r a g e  media. S t a r c h  
h a s  abou t  4000 k c a l / k g ,  f a t  and waxes more t h a n  9000 k c a l / k g .  
- - - - 
*Presen ted  a t  t h e  T h i r d  Genera l  Conference o f  t h e  European 
P h y s i c a l  S o c i e t y ,  B u c h a r e s t ,  September 9-12, 1975. 
~ccumulation of starch gives plants quite a large degree of flex- 
ibility. Apart from the daily cycle of the sun, i.e. food input, 
e.g. biannual plants can spend a year accumulating energy, and 
during the next concentrate on the great show for efficient re- 
production. More important, starch constitutes the energy dowry 
for the seeds to start a new machinery and a new life. 
In the case of animals transportation is done the other way 
round. As for storage, fat is very efficient in weight and 
volume, and without unduly reducing mobility, permits overcoming 
the seasonal cycle and extending the habitat of many species to 
regions where e.g. the hardness of winter would make their sur- 
vival impossible. 
This biological image has many point of contact with the 
structure our society has developed to manipulate energy. The 
pile of logs near the country house keeps the house going the 
year round in spite of the cyclic and dislocated accumulation 
of energy in the nearby woods and the vagaries of weather. The 
fuel in the jet plane crossing the Atlantic strongly resembles, 
in chemistry and distribution, the fat of a bear crossing Green- 
land to its winter quarters. 
In Table 1 a list of the more important energy forms is 
given, with the most common transportation and storage modes. As 
can be seen from the second column, chemical free energy is by 
far the most important form, and the chemical products most used 
are very near those used in the biosphere. In evolutionary terms 
society has advanced very little with respect to biological 
systems. 
In the secondary energies, however, things start to move. 
Electricity is widely used in animals to carry signals, but very 
little for power (except sometimes to kill). Negentropy in a 
pure state, i.e. dissociated from energy, as in concentrated vs. 
diluted solutions, is again used extensively by living organisms 
for chemical engineering purposes, but very little for trans- 
ferring or storing energy. Also here, a considerable potential 
exists for designing original systems for the special needs which 
are developing for our society. I shall come to this later. 
I should say that in one respect at least the energy system 
of living organisms is far superior to that of our society: at 
the final utilization level, i.e. at the level of the enzymes 
which perform energetic operations in the cell, energy appears 
always in the same form, in all the biosphere. The universal 
energy carrier is adenositriphosphate which is transformed into 
adenosindiphosphate liberating 9 kcal/mole of free energy. 
A few years ago, I proposed a system which will finally 
lead to a similar situation. It is based on hydrogen as the sole 
energy carrier. All primary energies may be finally transformed 
into it, so that the increasingly complex machinery at the busi- 
ness end of the system will become decoupled from the specific 
characteristics of the input. As the scientific-technical 
community has already accepted the concept and is actively 
working on it, it is probable that evolution may be on the move 
also in this direction. 
Transportation and the General Characteristics of the Enerqy 
Systems 
Energy systems are strongly characterized by energy trans- 
portation and storage modes. 
Two points need stressing for a better understanding of the 
internal mechanisms of their operation and evolution: economy 
of scale and learning curves. Economy of scale means the larger 
the operation the lower the unit cost. Over broad ranges equa- 
tions of the type 
C = as C = cost S = size a,b constants 
describe quite faithfully the relation between the cost and 
scale of a plant or an operation. 
If we look at the evolution of the coefficient in time, we 
will see that it tends to decrease (for C in constant money) 
essentially because of the evolution of technology. a(t) can 
be defined as the technological learning function. 
The effect of scale is properly conveyed by b. Just to 
give an idea of the situation, e.g. for chemical plants b is of 
the order of 2 / 3 .  This is a very powerful incentive to go big. 
An order of magnitude increase in the scale of the operation 
means a reduction in unit costs of 50% (similar equations can be 
used for investment costs and for manufacturing costs). 
For the nuclear island of a power station e.g., b - 0.5 
(for light water reactors). In this case an order of magnitude 
in scale brings a saving of around 70% in unit costs. 
For a pipeline the transportation costs go approximately 
as the inverse of the pipe diameter and the amount transported 
approximately with the cube, so again b - 2 / 3 .  
For supertankers b = 0.7, and the same for an electrical 
power station, and so on. The narrow range of the values for 
b is simply astonishing in view of the great variety of tech- 
niques. 
As to the maximum level of S, the scale of the operation, 
technologists tend to think the problem is essentially a tech- 
nological one, i.e. that they hold the key to progress. There 
is some truth in that, in the sense that above a certain size 
b moves r a p i d l y  t o  1 (see e . g .  g a s  t r a n s p o r t a t i o n  costs  by p i p e -  
l i n e ,  F i g u r e  1) '  b u t  t h a t  c e r t a i n  s i z e  k e e p s  i n c r e a s i n g  i n  t i m e .  
A more p r e c i s e  a n a l y s i s  o f  c a u s e s  and e f f e c t s  shows, however ,  t h a t  
m a r k e t  demand d e f i n e s  t h e  t a s k  f o r  t h e  t e c h n o l o g i s t  (who m o s t  
of t h e  t i m e  is  a b l e  t o  c o m p l y ) .  
A t o p i c a l  case i s  t h a t  o f  e lec t r i c  g e n e r a t o r s  ( and  a s s o c i a t e d  
p r i m a r y  m o v e r s ) .  The o p t i m i z a t i o n  o f  a c e r t a i n  n e t  r e q u i r e s  t h e  
power o f  t h e  s i n g l e  g e n e r a t o r  t o  b e  n o t  l a r g e r  t h a n  10% of  t h a t  
of t h e  n e t .  T h i s  f i g u r e  emerges  from t h e  c o n s t r a i n t s  on  t h e  ex-  
t e r n a l l y  imposed a v a i l a b i l i t y  o f  t h e  n e t ,  t h e  e x p e c t e d  a v a i l -  
a b i l i t y  o f  t h e  s i n g l e  g e n e r a t o r  and t h e  n e c e s s a r y  s t a n d b y  t o  
match t h e  t w o .  The o p t i m i z a t i o n  i s  d o n e  i n  economic t e r m s ,  b a l -  
a n c i n g  t h e  economies  o f  s c a l e  w i t h  t h e  d i s e c o n o m i e s  o f  l a r g e r  
s t a n d b y s .  
Now t h e  power o f  a n e t  depends  on t h e  s p a c i a l  i n t e n s i t y  o f  
t h e  u t i l i z a t i o n  and  on i t s  e x t e n s i o n  ( t h a t  c a n  b e  measured by 
t h e  mean d i s t a n c e  a t  which  e l ec t r i c  e n e r g y  is t r a n s p o r t e d ) .  
The i n t e n s i t y  grows r o u g h l y  w i t h  t h e  consumpt ion  o f  e l e c t r i c i t y  
( d o u b l i n g  e v e r y  10 y e a r s  f o r  most  deve loped  c o u n t r i e s ) .  The 
e x t e n s i o n  depends  on t h e  deve lopmen t  c f  power l i n e s  and r o u g h l y  
d o u b l e s  e v e r y  25 y e a r s .  Combining t h e  t w o  f a c t o r s  one  g e t s  a 
d o u b l i n g  o f  t h e  power o f  a n e t  e v e r y  7 y e a r s .  
Now it happens  t h a t  s i n c e  E d i s o n ' s  t i m e  t h e  s i z e  o f  t h e  
g e n e r a t o r s ,  t a k i n g  f o r  e a c h  y e a r  t h e  l a r g e s t  one  i n s t a l l e d ,  h a s  
i n c r e a s e d  by f i v e  o r d e r s  o f  magn i tude  w i t h  a d o u b l i n g  t i m e  o f  
a b o u t  s even  y e a r s .  T h i s  o b s e r v a t i o n  i s  v e r y  i m p o r t a n t  b e c a u s e  
it shows a t  work t h e  d r i v i n g  f o r c e s ,  and  t h e  c o n s t r a i n t s  t h a t  
t h e  d i s t r i b u t i o n  s y s t e m  a p p l i e s  t o  t h e  g e n e r a t i n g  s y s t e m  which  
a p p e a r s  t o  b e  v e r y  s t r o n g l y  c o n d i t i o n e d  by them. 
One of t h e  c o n s e q u e n c e s  o f  t h i s  c o n d i t i o n i n g  i s  t h a t  i f  t h e  
p r o g r e s s  i n  e lec t r ic  e n e r g y  consumpt ion  and  t r a n s p o r t a t i o n  k e e p s  
the p a c e  i t  had i n  t h e  l a s t  hundred  y e a r s ,  t h e  s i z e  o f  t h e  nuc- 
lear  reactors t h a t  t h e  s y s t e m  w i l l  demand w i l l  k e e p  d o u b l i n g  
e v e r y  s e v e n  y e a r s ,  i . e .  f a s t e r  t h a n  t h e  consumpt ion  o f  e lectr ic-  
i t y .  T h i s  means t h a t  t h e  number o f  i l u c l e a r  ( f i s s i o n  o r  f u s i o n )  
reactors d e v o t e d  t o  t h e  p r o d u c t i o n  of  e l e c t r i c i t y  w i l l  f i r s t  
r a p i d l y  grow, t o  s a t u r a t e  t h e  m a r k e t ,  t h e n  w i l l  s l o w l y  d e c r e a s e .  
The same t h i n g  h a s  happened f o r  t h e  c o n v e n t i o n a l  g e n e r a t o r s  i n  
t h e  p a s t .  T h i s  means a l so  t h a t  i f  new e n e r g y  v e c t o r s  a r e  i n t r o d u c e d  
w i t h  t r a n s p o r t a b i l i t y  l a r g e r  or smaller t h a n  t h a t  o f  e l e c t r i c i t y ,  
t h e n  t h e  g e n e r a t o r s '  s i z e  w i l l  t e n d  t o  become l a r g e r  or s m a l l e r  
a c c o r d i n g l y .  
The t w o  p o s s i b l e  examples ,  i f  w e  r ema in  i n  t h e  f i e l d  o f  t h e  
n u c l e a r  r e a c t o r s ,  a r e  h o t  w a t e r  and hydrogen .  I n  t h e  f i r s t  case 
a  r e a s o n a b l e  mean r a n g e  f o r  economic t r a n s p o r t a t i o n  and  d i s t r i -  
b u t i o n  i s  10 km ( F i g u r e  2 ) ,  i n  t h e  second it is  1000 km, a s  c a n  b e  
drawn from t h e  s t a t i s t i c s  f o r  n a t u r a l  g a s ,  which h a s  v e r y  similar 
t r a n s p o r t a t i o n  c o s t s .  The mean r a n g e  f o r  e l e c t r i c i t y  i s  a b o u t  
100 krn, and it i s  i n t e r e s t i n g  t o  n o t e  how t h i s  c o r r e l a t e s  w i t h  
t h e  r e l a t i v e  p o r t i o n  o f  n u c l e a r  power s t a t i o n s  and p o p u l a t i o n  
c e n t e r s ,  e . g .  i n  Western  Germany ( F i g u r e  3 ) .  T h i s  means t h a t  
t h e  optimum s i z e  o f  g e n e r a t o r s  w i l l  t e n d  t o  be,  i n  e q u i l i b r i u m ,  
a b o u t  1% o f  t h a t  f o r  t h e  elec t r ic  sys t em i n  c a s e  o f  t h e  e n e r g y  
b e i n g  d i s t r i b u t e d  a s  h o t  w a t e r ,  100 t i m e s  t h a t  o f  t h e  e lec t r i c  
sys t em i f  t h e  e n e r g y  i s  d i s t r i b u t e d  as hydrogen .  
Fo r  t h e  s a k e  o f  s i m p l i c i t y  w e  have  o b v i o u s l y  assumed t h a t  
t h e  i n t e n s i t y  o f  t h e  m a r k e t  i s  t h e  s a m e  i n  t h e  t h r e e  c a s e s ,  a  
h y p o t h e s i s  t h a t  i s  a c t u a l l y  t r u e  t o  w i t h i n  a  f a c t o r  of  p e r h a p s  
two o r  t h r e e .  
A s  a  k i n d  o f  h i s t o r i c a l  c u r i . o s i t y ,  I have shown i n  F i g u r e  4 
an  i n g e n i o u s  sys t em t o  t r a n s p o r t  m e c h a n i c a l  e n e r g y .  I t  w a s  
b u i l t  by H e i n r i c h  Moser i n  S c h a f f h a u s e n  i n  1866 and t r a n s p o r t e d  
a b o u t  500 kW o f  m e c h a n i c a l  e n e r g y  u s i n g  steel  c a b l e s .  The con-  
s t r u c t i o n  i s  e l e g a n t  and  e f f i c i e n t  b u t  ... t h e  mean t r a n s p o r t -  
a t i o n  d i s t a n c e  i s  a b o u t  100 meters. One c o u l d  have  p r e d i c t e d  
l i t t l e  p o t e n t i a l  f o r  marke t  e x p a n s i o n ,  a s  proved, t o  b e  case. 
The impac t  o f  t h e  t r a n s p o r t a b i l i t y  o f  t h e  s e c o n d a r y  e n e r g y  
v e c t o r  on t h e  scale,  and c o n s e q u e n t l y  on t h e  economy o f  t h e  
g e n e r a t o r ,  i s  i n  f a c t  d r a m a t i c .  T h i s  i s  p r o b a b l y  t h e  main 
r e a s o n  why a l l  p r o j e c t s  o f  ' h o t  w a t e r  d i s t r i b u t i o n  a y e  c o n c e i v e d  . . 
a s  appendages  t o  an  elec t r ic  g e n e r a t i n g  u n i t  which c a n  by it- 
s e l f  g u a r a n t e e  a  minimum scale. 
On t h e  H i s t o r i c a l  T r e n d s  
N o w  l e t  u s  t a k e  o n e  s t e p  back  and a n a l y z e ,  w i t h  t h e  i n s i g h t  
g a i n e d  from t h e  a n a l y s i s  o f  t h e  p r e v i o u s  " c a s e  h i s t o r y " ,  t h e  
s t r u c t u r e  o f  t h e  t r a n s p o r t a t i o n  sys t em f o r  t h e  c l a s s i c a l  f u e l s :  
wood, c o a l ,  o i l  and g a s .  
Wood ( f o r  f u e l )  i s  h a n d l e d  t o d a y  milch a s  it w a s  t e n  
thousand  y e a r s  ago :  chopped e s s e n t i a l l y  by hand and  c a r r i e d  by 
c a r t  and  logged  i n  b u n d l e s .  N e w  t e c h n o l o g i e s  p r o v i d i n g  economies  
o f  s c a l e  were n e v e r  d e v e l o p e d .  T h i s  may w e l l  b e  t h e  main r e a s o n  
f o r  t h e  p e n e t r a t i o n  o f  c o a l .  The q u e s t i o n  of a v a i l a b i l i t y  o f  
t h e  p r i m a r y  r e s o u r c e  d o e s  n o t  s e e m  r e a l l y  r e l e v a n t ;  it c e r t a i n -  
l y  w a s  n o t  a t  t h e  t i m e  t h e  s u b s t i t u t i o n  t o o k  p l a c e ,  a  c e n t u r y  
a g o ,  and even  t o d a y  p r o p e r  management o f  f o r e s t r y  c o u l d  p r o v i d e  
a l l  t h e  e n e r g y  n e c e s s a r y  f o r  o u r  s o c i e t y  [ I ] .  One may s a y  t h a t  
t h e  b e s t  f o r e s t s  are i n  s t r a n g e  and s c a r c e l y  a c c e s s i b l e  p l a c e s ,  
t h e  s t e a m i n g  t r o p i c s  o r  t h e  f r o z e n  A r c t i c .  But t h e  same i s  t r u e  
f o r  o i l  and g a s .  
Coa l  d i d  b e a t  wood, presumably  g a i n i n g  from t h e  weakness  
o f  t h e  wood b u s i n e s s .  The d i f f e r e n c e  by a  f a c t o r  o f  t w o  i n  
e n e r g y  d e n s i t y  d o e s  n o t  a p p e a r  r e a l l y  d e c i s i v e .  I n d u s t r i a l  
management and a d  hoc  t e c h n o l o g y  t h a t  r a p i d l y  d e v e l o p e d  a t  t h e  
c o a l  mine and  i n  t h e  t r a n s p o r t a t i o n  s y s t e m  a p p e a r  m o r e  c r e d i b l e  
c a u s e s .  
A similar situation seems to have developed between oil and 
coal. Certainly the cause of the success of oil was not the ex- 
haustion of coal resources; nor was it really a change in the 
structure of demand. As oil has widely demonstrated, demand re- 
quirements can be finely matched by proper processing. My inter- 
pretation is that the pipeline, the tanker, and all the economies 
of scale that a system operating on fluids can achieve, played 
a central role in the substitution. 
Figure 5 visually supports this hypothesis. It depicts a 
coal sea terminal. The tiny dots are 30,000 large coal wagons. 
A n  oil terminal is not worth a picture, it is just a thin bunch 
of pipes. 
Figure 6 shows the evolution of the scale of oil transporta- 
tion technology on the sea with that of the oil'market. The 
correlation is striking, and shows again the very strong con- 
trol of the market forces over technological achievements. But 
I know technologists are not ready to think of themselves as the 
tai.1 wagging the dog, and I will go into this point in more detail. 
Oil, however, has a weak point. The final distribution, 
from the refinery to the consumer, is still done "Qy ha~d". A 
vast fleet.of trucks and an incredible number of gqs stations 
bear witness to that. Not much economy of scale is to be ex- 
pected there, but just increasing costs and confusion'; 
Natural gas is largely superior on that point. A n  incon- 
spicuous and efficient net of underground pipes provides an 
ideal system for the economies of scale to be reaped, with a 
minimum of disturbance to the rest of the infrastructure. 
Natural gas is somewhat weaker in long distance transportation 
overland; as the gas pipeline is not so economical as the oil 
pipeline. This did not, however, prevent the development of 
nets over large chunks of continents. It is certainly much 
weaker in transportation over the sea. Only recently have LNG 
tankers become a commercial reality. This has so far prevented 
natural gas from becoming a world commodity with a world net, 
as oil has done thanks to the supertanker. 
But time works to change the situation. We spoke before of 
economies of scale and technological learning. When we look 
synthetically at the evolution of a certain technology, the two 
are best combined in a "learning curve" where the cost of a 
certain operation (in constant money) is plotted (log-log) ver- 
sus the integrated amount of the commodity produced or manipuL 
lated. Figures 7, 8, and 9 give three interesting examples for 
production of fuels and energy manipulations. The straight lines 
of the trends indicate that a constant reduction in price occurs 
every time the total amount of the commodity manipulated e.g. 
doubles. This puts a premium on newcomers having a short his- 
tory behind them and presumably a fast rate of growth, so that 
the doubling of totals comes up at the faster rate, and a mar- 
ginal price advantage that may have started the game may rapidly 
become a  v e r y  c o n s i s t e n t  o n e  t h a t  makes t h e  p e n e t r a t i o n  o f  t h e  
o l d  m a r k e t  by t h e  new p r o d u c t  a  m a t t e r  o f  t i m e .  T h i s  seems t o  
b e  t h e  c a s e  w i t h  t h e  L i q u i d  N a t u r a l  Gas T a n k e r ,  a  t r i u m p h  o f  
m a c r o c r y o g e n i c s ,  which  i s  u n d e r g o i n g  a  f a s t  deve lopmen t  t o w a r d  
s t r e a i n l i n e d  t e c h n o l o g y  and  l a r g e  s i z e s .  
What seems t o  b e  s t i l l  l a g g i n g ,  i n  t h e  s e n s e  o f  new t e c h n o l -  
ogy " c a l l e d  i n "  by m a r k e t  demand, i s  t h e  v e r y  l a r g e  p i p e l i n e .  
The l a r g e s t  p i p e l i n e s  now have  d i a m e t e r s  r a n ~ i n g  i n  t h e  1 . 5  neter  
r e g i o n .  They c a n  c a r r y  g a s  e c o n o n i c a l l y  o v e r  d i s t a n c e s  o f  t h e  
o r d e r  o f  2000-3000 km. Assuming w e  c a n  e x t e n d  t h e  economy o f  
s c a l e  r u l e ,  e . g .  t o  p i p e l i n e s  o f  10 a @, t h e i r  e c o n o m i c a l  r a n g e  
would r e a c h  z 1 5 , 0 0 0  km, i . e .  t h e y  c o u l d  c o v e r  whole  c o n t i n e n t s  
( e . g .  E u r a s i a )  w i t h  a  s i n g l e  n e t .  
The p o t e n t i a l  o f  t h e  g a s  f i e l d s  i n  S i b e r i a  and t h e  Midd le  
E a s t ,  and t h e  s i z e  o f  t h e  m a r k e t s  i n  E u r o p e ,  J a p a n  a n d  t h e  U . S . ,  
make such  deve lopmen t  v e r y  l i k e l y .  The R u s s i a n s  i n  f a c t  a r e  
moving i n  t h a t  d i r e c t i o n  by s t r e t c h i n g  c u r r e n t  t e c h n o l o g y  t o  
p i p e l i n e s  o f  2 . 5  meters @ ,  and  a r e  busy  debugg ing  t h e  sys t em.  
A new t e c h n o l o g i c a l  c o n c e p t  m i g h t  b e  n e c e s s a r y ,  however ,  f o r  a  
r e a l  jump a h e a d .  
A s  t h e  e n e r g y  f o r  t h e  n e x t  c e n t u r y  w i l l  most  p r o b a b l y  b e  o f  
n u c l e a r  o r i g i n ,  it w i l l  n o t  b e  unwise  t.o t i e  t h e  n u c l e a r  s y s t e m  
t o  t h e  w inn ing  h o r s e .  I n  t h a t  s e n s e ,  t h e  c o n c e p t  o f  t h e  hyd roaen  
economy, where  n u c l e a r  h e a t  i s  u s e d  t o  p r o d u c e  s e c o n d a r y  e n e r g y  
c a r r i e r s ,  e l e c t r i c i t y  and  hydrogen- -bu t  m a i n l y  hyd rogen - - appea r s  
p e r f e c t l y  f i t ,  a s  it c a n  u s e  t h e  t r a n s p o r t a t i o n  ( and  s t o r a g e )  
t e c h n o l o g y  o f  n a t u r a l  g a s .  
On t h e  System P r o p e r t i e s  o f  S t o r a g e  
So f a r  t h e  q u e s t i o n  o f  e n e r g y  s t o r a g e  h a s  been  t o u c h e d  o n l y  
o c c a s i o n a l l y .  The main p u r p o s e  o f  s t o r a g e  i s  t o  improve t h e  
u t i l i z a t i o n  o f  t h e  g e n e r a t i o n ,  t r a n s p o r t a t i o n  and t r a n s f o r m a t i o n  
s y s t e m s .  
I n  a  t y p i c a l  c a s e  where  s t o r a g e  d o e s  n o t  e x i s t ,  t h a t  o f  
e l e c t r i c i t y ,  t h e  e f f e c t s  o f  t h i s  a b s e n c e  a r e  a p p a r e n t  ( F i g u r e  10 ) .  
The u t i l i z a t i o n  f a c t o r  o f  t h e  e lec t r i c  s y s t e m  i s  i n  t h e  o r d e r  
o f  50%.  T h i s  means t h a t  a l l  t h i s  complex and e x p e n s i v e  e q u i p -  
ment  t h a t  c o n s t i t u t e s  a n  e l e c t r i c  u t i l i t y  s i m p l y  s i t s  i d l e  50% 
o f  t h e  t i n e .  With e n e r g y  s y s t e m s  becoming i n c r e a s i n g l y  c a p i t a l  
i n t e n s i v e ,  t h e  e v o l u t i o n a r y  a d v a n t a g e  o f  s y s t e m s  w i t h  s t o r a g e  
c a p a b i l i t y  w i l l  b e  v e r y  g r e a t  i n d e e d .  
F.or wood and  c o a l  t h e  u s u a l  s t o r a g e  i s  i n  form o f  a  heap .  
I t  may seem s i m p l e  a n d  c h e a p  b u t  it i s  n o t .  With human i ty  
consuming a  few km3 o f  c o a l ,  t h e s e  h e a p s  t a k e  a  l o t  o f  s p a c e  
a n d  t h e  c o a l  i s  q u i t e  r a p i d l y  o x i d i z e d  by b a c t e r i a .  F u r t h e r -  
more t h e  i n t e r f a c e  w i t h  t h e  t r a n s p o r t a t i o n  sys t em i s  c lumsy.  
For oil the almost universal form of storage is a metallic 
tank; this at all the hierarchical levels of storage, down to 
the tank in the car or in the house. All this tankage turns out 
to be very expensive, from perhaps 50$/ton for very large tanks 
at the port to perhaps 300$/ton for the family tank. As nost 
tankage is used predoninantly on a seasonal basis it adds sub- 
stantially to the cost of energy. 
Gas again has an ace to play. Exhausted gas fields, or 
underground porous structures such as aquifers, can provide large 
space at very low unit cost for storing it. Figures 11 and 12 
show how this is done and Figure 13 shows the trends in use of this 
technique for the U.S. Figure 14 shows the potential for Western 
Germany in the form of identified structures suitable for that 
purpose. 
The gas system very naturally provides the hierarchy of 
storages. The piping itself, with variations in pressure, may 
have a time constant of hours, the local aquifer of a day, the 
large one of weeks, and the great gas fields used as storages, 
of months and years. On top of that, everything is done under- 
ground with a minimum of physical and visual interference with 
the world we live in. 
As Professor Hafele [21 and the author [ 3 ]  have pointed 
out, this vision of the properties and trends of the energy 
system has led to the conception of the energy island, in a 
sense a synthetic substitute for the oil field. Transportation 
of liquid hydrogen with supertankers, and' with large pipelines 
on land, in fact gives the system a world dimension. This will 
push to the technological limits the economies of scale. 
Actually normal system optimization will presumably lead to 10-20 
islands to serve all the world. The unit for the energy manip- 
ulated in one of these islands will then be the Tw, almost three 
orders of magnitude above the present level of nuclear technology. 
I hope the colleagues in fusion, who have to prepare themselves 
for the market structure of the year 2020, will keep that in 
The great attraction of this concept comes from its position 
at the convergence points of various trends and developments. 
It will comply with the economic requirements through the econo- 
mies of scale and via the development of LNG tankers and very 
large pipelines fostered by the gas industry. 
It will comply with the diffuse and intense desire to see 
the nuclear system decoupled from the socio-system. The energy 
islands will be real islands in the ocean, and all the manipu- 
lation of radioactive materials will be done in the island, or 
even in the reactor building itself. In a cargo-cult vision the 
socio-system will see only tankers carrying fuel from nowhere. 
~t will comply with the ecological matching of the energy 
system, first by a choice of the island minimizing the climatic 
e f f e c t s  o f  h e a t  r e l e a s e ,  second by p r o d u c i n g  a  f u e l  which i s  a l -  
most  100% n o n - p o l l u t i n g  a t  t h e  t r a n s p o r t a t i o n ,  d i s t r i b u t i o n  and 
consumpt ion  s t a g e s .  
And Wha t ' s  Next?  
A s  t h i s  p a p e r  d e a l s  m a i n l y  w i t h  sys t em s t r u c t u r e  and t r e n d s ,  
a n  o b v i o u s  q u e s t i o n  i s  t r y i n g  t o  g u e s s  what  i s  g o i n g  t o  come n e x t .  
One may t h i n k  t h a t  humanity w i l l  b e  happy f o r  e v e r  w i t h  t h e  p e r -  
f e c t l y  c l e a n  eco-mate,  hydrogen  s o  end ing  t h e  s c r a m b l e  f o r  l i f e  o f  
t h e  v a r i o u s  e n e r g y  v e c t o r s ,  and  a g a i n  r e d u c i n g  t h e  sys t em t o  t h e  
g o l d e n  s i m p l i c i t y  of  t h e  wood age .  But hydrogen ,  a l a s ,  a l s o  h a s  
i t s  A c h i l l e s  h e e l .  L i k e  a l l  o t h e r  f u e l s  u sed  a t  p r e s e n t ,  it 
p r o v i d e s  n e g e n t r o p y  a t  t h e  expense  o f  t h e  m a n i p u l a t i o n  of  a  cer- 
t a i n  amount o f  h e a t .  T h i s  h e a t  w i l l  f i n a l l y  a p p e a r  a s  an  
i r r e d u c i b l e  w a s t e  t o  b e  thrown i n t o  t h e  e c o s p h e r e .  
A s  m a n ' s  a c t i v i t y  t e n d s  t o  c o n c e n t r a t i o n - - a n d  t h e  t r e n d  i s  
toward  more and more c o n c e n t r a t i o n  [ 4 ] - - t h e  phenomena l i n k e d  t o  
what  i s  c a l l e d  t h e  " h e a t  i s l a n d "  t h a t  a r e  a l r e a d y  p l a g u i n g  many of  
o u r  c i t i e s  w i l l  assume u n b e a r a b l e  p r o p o r t i o n s '  ( ~ i g u r e s  1 5 ,  1 6 ,  
and 1 7 ) .  My c o l l e a g u e s  i n  c i t y  p l a n n i n g  a sked  me whethe r  someth ing  
c o u l d  be done ,  and h e r e  i s  my p r o p o s a l .  
T h a t  what  w e  consume i s  negen t ropy  and n o t  h e a t  i s  o b v i o u s  
t o  a l l  o f  u s ,  a l t h o u g h  it may n o t  come t o  mind f i r s t .  ( F u e l s  
a f t e r  a l l  a r e  p a i d  on t h e  b a s e  o f  t h e i r  e n t h a l p y  and n o t  o f  t h e i r  
f r e e  e n e r g y . )  So I a s k e d  myse l f  whe the r  n e g e n t r o p y  c o u l d  n o t  b e  
t r a n s p o r t e d ,  d i s s o c i a t e d  from h e a t .  
The answer  i s  y e s ,  and t h e  mechanism i s  v e r y  s i m p l e .  '7hen 
a  g a s  i s  compressed  i s o t h e r m a l l y ,  o n l y  i t s  n e g e n t r o p y  i s  m o d i f i e d ,  
and  i s  a c t u a l l y  i n c r e a s e d .  Expanding it i s o t h e r m a l l y  w e  t h e n  
g e t  work a t  t h e  e x p e n s e  o f  ambien t  h e a t .  When t h i s  work f i n a l l y  
d e g r a d e s  i n t o  h e a t ,  t h e  t h e r m a l  b a l a n c e  o f  t h e  l o c a l  sys t em i s  
a g a i n  z e r o .  The mach ines  a r e  r u n n i n g ,  b u t  no w a s t e  h e a t  a t  t h e  
p o i n t  where e n e r g y  i s  used!  
A c o n c e p t u a l l y  s t r a i g h t f o r w a r d  i m p l e m e n t a t i o n  o f  t h a t  p r i n -  
c i p l e  would b e  t o  have :  
- An a i r  c o m p r e s s i o n  sys t em l o c a t e d  where w a s t e  h e a t  c a n  be 
p r o p e r l y  d i s p o s e d  o f ,  e . g .  on  t h e  o c e a n  s h o r e ;  
- A h i g h  p r e s s u r e  p i p e l i n e ;  
- A s e t  o f  t o t a l  e n e r g y  c e n t e r s ,  d i s p e r s e d  t h r o u g h o u t  t h e  
. c i t y  where  e l e c t r i c i t y ,  h o t  and c o l d  f l u i d s  and a i r  c o n d i -  
t i o n i n g  are produced ,  u s i n g  compressed  a i r  t o  r u n  t h e  
n e c e s s a r y  mach ine ry .  
S i m p l e  c a l c u l a t i o n s  show t h a t  t h e  n e g e n t r o p y  d e n s i t y  i n  t h e  com- 
p r e s s e d  a i r  i s  somewhat t o o  low t o  make t h e  s y s t e m  r e a l l y  a p p e a l -  
i n g ,  s o  I compromised a l i t t l e  on t h e  p u r i t y  o f  t h e  c o n c e p t ,  
t a k i n g  l i q u i d  a i r  a s  n e g e n t r o p y  c a r r i e r .  L i q u i d  a i r  c a n  a c t u a l l y  
b e  r e g a r d e d  a s  a  handy compressed g a s .  I t  c a r r i e s  some f r i g o r i e s  
t o o ,  b u t  t h a t  i s  an  a d v a n t a g e  from t h e  p o i n t  of  v iew of  t h e  u s e r  
a s  it a l l o w s  t h e  b u r n i n g  o f  a  c e r t a i n  amount o f  f u e l  w i t h o u t  re- 
l e a s i n g  h e a t  t o  t h e  ecosys t em.  
L i q u i d  a i r  c a r r i e s  t h e  e q u i v a l e n t  of  . 2  k W h / l i t e r  ( F i g u r e  1 8 ) ,  
a n d ,  t a k i n g  i n t o  a c c o u n t  t h e  p o t e n t i a l l y  h i g h  q u a l i t y  o f  com- 
p r e s s e d  a i r  e n g i n e s  and t o t a l  e n e r g y  s y s t e m s ,  it t u r n s  o u t  t h a t  
t h e  amount o f  l i q u i d  a i r  consumed p e r  p e r s o n  c o u l d  b e  more or 
less t h e  same a s  t h e  amount o f  water, a fetr  hundred  l i t e r s  p e r  
d a y .  Such a s y s t e m  h a s  t h e  e s s e n t i a l  f u n c t i o n  o f  c e n t r a l i z i n g  
w a s t e  h e a t ,  and may t h u s  be  looked  on by e c o l o g i s t s  w i t h  a  
s l i g h t l y  s o u r  g r i n .  So I o v e r d i d  it t o  make them happy too. 
My c o l l e a g u e s  working  a t  d e v e l o p i n g  ocean  t h e r m a l  g r a d i e n t  
power p l a n t s  a r e  d o i n g  a  m o s t  t h o r o u g h  j o b ,  and I meant  t o  t a k e  
a d v a n t a g e  o f  it i n  t h e  f o l l o w i n g  way: i f  you u s e  t h e  ocean  
t h e r m a l  g r a d i e n t  t o  r u n  an  ammonia e n g i n e  t o  compress  a  g a s ,  
what  you f i n a l l y  d o  i s  t o  t r a n s f e r ,  a s  n e g e n t r o p y  i n t o  t h e  
compressed  g a s ,  t h e  e n t r o p y  of  mix ing  waters o f  d i f f e r e n t  
t e m p e r a t u r e s .  The t h e r n a l  b a l a n c e  i s  z e r o .  
I f  t h e  compressed  g a s  ( o r  my n e g o t i a t e d  compromise,  l i q u i d  
a i r )  i s  c a r r i e d  on  s h o r e ,  and used  t o  r u n  t h e  c i t y ,  a l l  t h e r m a l  
b a l a n c e s  w i l l  b e  z e r o :  no h e a t  anywhere! 
The s y s t e m  would i n  p r a c t i c e  c o n s i s t  o f  f l o a t i n g  s t a t i o n s ,  
c h u r n i n g  t h e  ocean  and  p r o d u c i n g  l i q u i d  a i r ,  c a r r i e d  by t a n k e r s  
and p i p e l i n e s  t o  t h e  f i n a l  consumer:  t h e  l o c a l  t o t a l  e n e r g y  
sys t em.  Atmosphere wi1.l c l o s e  t h e  l o o p  ( F i g u r e s  19 ,  20 ,  and 2 1 ) .  
I d e s c r i b e  t h i s  s y s t e m  t o  show on t h e  one  hand t h a t  t h e  
e v o l u t i o n a r y  p o t e n t i a l  o f  e n e r g y  sys t ems  may n o t  y e t  b e  ex- 
h a u s t e d ,  on t h e  o t h e r  how marke t  demand may u n p r e d i c t a b l y  c a l l  
f o r  t h e  deployment  o f  s y s t e m s  inhomogeneous w i t h  p r e s e n t  t r e n d s .  
I t  i s  i n t e r e s t i n y  t o  o b s e r v e  t h a t  what  s u c h  s y s t e m  d o e s  
i n  f a c t  i s  t o  d i s o r g a n i z e  t h e  ocean  by a l t e r i n g  t h e  n a t u r a l  
s h a p e  of  t h e  t h e r m o c l i n e ;  t h e  n e g Q n t r o p y ,  i . e .  i n f o r m a t i o n  
e x t r a c t e d ,  i s  t h e n  c a r r i e d  t o  t h e  c i t y  and used  t o  o r g a n i z e  it. 
A l l  e n e r g y  s y s t e m s  work t h a t  way, b u t  i n  t h i s  case t h e  informa-  
t i o n a l  c h a r a c t e r  o f  t h e  o p e r a t i o n  a p p e a r s  i n  t h e  p u r e s t  form.  
C o n c l u s i o n  
The a t t e n t i o n  o f  t h e  p u b l i c  i n  g e n e r a l  and  o f  t e c h n o l o g i s t s  
i n  p a r t i c u l a r  h a s  been  f o c u s e d  ma in ly  on t h e  problem o f  e n e r g y  
r e s o u r c e s .  What w e  have  t r i e d  t o  show i s  t h a t  t h e  l o g i s t i c s  o f  
t h e  e n e r g y  c a r r i e r ,  whe the r  t h e  p r i m a r y  f u e l  i t s e l f  or n o t ,  
p l a y s  a  v e r y  c e n t r a l  r o l e  i n  d e t e r m i n i n g  t h e  e v o l u t i o n a r y  t r e n d s  
i n  t h e  u t i l i z a t i o n  o f  p r i m a r y  r e s o u r c e s ,  i n  c o n t r a s t  t o  t h e  
c u r r e n t  i n t u i t i o n  t h a t  i f  a  r e s o u r c e  i s  t h e r e ,  it w i l l  b e  u s e d .  
The a n a l y s i s  of  s e c u l a r  t r e n d s  show t r a n s p o r t a t i o n  of  
e n e r g y  i n  form o f  g a s e o u s  f u e l  a s  t h e  m o s t  p r o b a b l e  mode f o r  t h e  
n e x t  c e n t u r y ;  d e v e l o p e r s  of  new e n e r g y  s o u r c e s  s h o u l d  keep  
t h a t  w e l l  i n  mind. 
Looking f u r t h e r  i n t o  t h e  f u t u r e ,  a h i n t  i s  g i v e n  a b o u t  a 
t echno logy  p e r m i t t i n g  t r a n s p o r t a t i o n  of ( f a i r l y )  p u r e  negen t ropy ,  
i n  a s e n s e  d i s s o c i a t i n g  energy  u s e  from h e a t  release. Demand f o r  
such  a t echno logy  may d e v e l o p  as a  consequence of s p e c i a l l y  i n -  
c r e a s e d  i n t e n s i t y  i n  e n e r g y  u s e ,  l e a d i n g  t o  t r o u b l e s  a t  t h e  i n t e r -  
f a c e  w i t h  t h e  ecosys tem.  
Table 1. 
Form of Energy 
Wood 
Coal & Lignite 
Oil 
Gas 
Radiation 
Mechanical 
Heat 
Negentropy 
Physical 
Nature 
Chemical 
Free energy 
Chemical 
Free energy 
Chemical 
Free energy 
Chemical 
Free energy 
Electromag. 
Mech. 
Thermod. 
Thermod. 
X Energy Budget 
(World 1970) 
15% (with 
farm waste) 
2 8 2  
Mode of I 
Transportation 
Bundle 
Cart 
Truck 
Unit train 
Ship 
Slurry line 
Oil products Chem. Truck 
Electricity Electro-mg. Wire 
~ S C .  chemicals Chem. 
Pipeline 
Tanker 
Pipeline 
Cryotanker 
Space propag. 
Wires 
Ropes 
Bars 
Cryotanker 
Pipeline 
I 
Metallic tank 
- 
A 
Mode of 
Distribution 
Truck 
Truck 
35% 
10% at con- 
sumer level 
1 
I Mode of 
I Storage 
Log heap 
Heap 
Truck 
Pipeline 
- 
Pipeline 
Metallic ' 
tank 
Porous struc- 
tures 
Cryotanks 
(High Q reson.? 
Flywheels 
Hole in ground 
3 8 8  I 
17% 
- 
1% 
1% 
- 

ENERGY COST 
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PLANT [ O C  ] 
200 Gcal/h 
--"-- 500 GcaVh 
-.-.- 1000 GcaVh 
F i g u r e  2 .  T r a n s p o r t a t i o n  C o s t s  o f  h o t  w a t e r .  
ELEC. 
DIST. 
HEAT 
Figure  3 .  Predominant a r e a  coverage.  

0 0 -  
zo- 
o 13  
arc a, 
c a p :  
-PI c 
F i q u r e  5b. ESSO o i l  t e r m i n a l  a t  Fawl.ey, H a n t s . ,  U K .  
I t  c a n  h a n d l e  1 0 0 , 0 0 0  t o n s  o f  o i l  3er day.  
(ESSO p n o t o q r a p h )  
TRAFFIC 
[TONS ] 
TANKER 
TONS D.W. 
F i g u r e  6 :  C o r r e l a t i o n s  be tween  
s i z e  o f  t a n k e r  and  o i l  
t r a f f i c .  
(Adapted  from Ref. t 8 3 )  
F i g u r e  7 .  US w e l l h e a d  o i l - c o s t  1869-1971 ( 1 9 7 0  d o l l a r s ) .  
( S o u r c e :  Ref .  [ 6 ] )  
Cumulative production in units of C (= 10'' Btu) 
F i g u r e  8.  US m a n u f a c t u r i n g  cost o f  p e t r o l e u m  1919-1969 
( S o u r c e :  R e f .  [ 6 ] )  
Cumulative production in units of lo'? kwh 
F i g u r e  9 .  U S  e l e c t r i c i t y  1 9 2 6 - 1 9 7 0  ( 1 9 7 0  d o l l a r s ) .  
( S o u r c e :  Ref. [61  ) 
GNP (lo6$] 
Figure 1 0 .  E l e c t r i c a l  systems 
1969  apparent load 
f ac to r .  
STORAGE 
WELL A OBSERVATION 
STORAGE 
F i g u r e  1 1 .  P r i n c i p l e  o f  s t o r a g e  i n  a n  a q u i f e r .  
F i g u r e  1 2 .  A r t i s t i c  v i e w  o f  u n d e r g r o u n d  
s t o r a g e  s y s t e m .  
5 1 7 8  
ULTIMATE 
RESERVOIR 
CAPACITY 
F i g u r e  13. U l t i m a t e  r e s e r v o i r  c a p a c i t y  o f  e x i s t i n g  
underground s t o r a g e  f i e l d s  and number 
of  p o o l s .  
m 
1945 50 55 60  6 5 70 
I I I I  I l l 1  I I I I  I I I I  
F i g u r e  1 4 .  I d e n t i f i e d  n a t u r a l  s i tes  f o r  
underground g a s  s t o r a g e .  
( S o u r c e :  R e f .  ( 7 ) )  
F i g u r e  15. Ecumenopolis i n  fo rmat ion :  t h e  
l i n e a r  mega lopo l i s  o f  Japan .  
(Source:  Ref.  [ 4 ] )  
a m o  
c u ~ a  
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Figure 1 8 .  Some data  on l a i r .  
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Figure 21. Total energy for dense settlements--liquid air concept. 
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